INTRODUCTION {#SEC1}
============

Guanine-rich DNA sequences with the minimal sequence requirement of GGGN~1--7~GGGN~1--7~GGGN~1--7~GGG can adopt a four-stranded non-B secondary structure called G-quadruplex DNA or G4 DNA (reviewed in ([@B1],[@B2])). Four guanine bases interact *via* Hoogsteen bonding to form a planar G-quartet; multiple G-quartets stack upon each other to form G4 DNA while the intervening sequence are extruded as loops. G4 DNA-forming sequences or G4 motifs are found in the genomes of a variety of organisms and significantly enriched near transcription start sites in the human genome, suggesting that transcriptional regulation as their putative function ([@B3]). Adding strength to this hypothesis, G4 DNA was recently shown to negatively regulate transcription of c-Myc and HIV-1 LTR promoters ([@B4],[@B5]).

A significant correlation between G4 motifs and genome instability has been described in multiple systems. In mammalian cells, G4 motifs are found at genomic loci associated with elevated rearrangements and recombination such as immunoglobulin switch regions, ribosomal DNA loci, telomeres and at breakpoints associated with translocations and somatic copy number alterations in human cancers ([@B6],[@B7]). In chicken DT40 cells lacking the translesion polymerase Rev1, replication stalling at a G4 forming sequence is thought to lead to epigenetic instability and de-repression of heterochromatic regions ([@B8]). In microorganisms, *N. gonorrhoeae* and *B. burgdorferi*, G4 motifs are implicated in regulation of targeted DNA rearrangement responsible for generating antigenic variation at pilE and vlsE loci, respectively ([@B9],[@B10]).

In yeast, G4 motifs have been shown to induce a large array of genome instability events including deletion/duplications, gene conversions and gross chromosomal rearrangements ([@B11]--[@B14]). When a G4-forming sequence from the mouse immunoglobulin switch Mu region (Sμ) was inserted into the yeast genome and transcribed from an inducible promoter, genome instability was elevated by active transcription only when the G-run containing strand was located on the non-transcribed strand ([@B15]). The genome instability associated with the co-transcriptionally formed G4 DNA was exacerbated by disruption of yeast topoisomerase I and suppressed by overexpressing *Escherichia coli topA* (encoding topoisomerase I), but not *E. coli* gyrase ([@B16]). These data indicate that the function of topoisomerase I in removing negative supercoils is necessary for preventing G4 DNA formation. Overexpression of yeast RNaseH1 does not suppress the increase in G4-mediated recombination, further supporting the notion that preventing the accumulation of negative supercoils and not R-loops by Topoisomerase I is important in suppressing G4 DNA-associated genome instability. Overexpression of the gene encoding human topoisomerase I, which was shown to bind specifically to G4 DNA ([@B17],[@B18]), is able to suppress the recombination at a G4 forming sequence in Top1-deficient yeast cells supporting the hypothesis that the increased recombination seen in topoisomerase I deficient cells is specifically due to G4 DNA formation ([@B16]).

A number of proteins in yeast and metazoans have been characterized to bind G4 DNA with high affinity and specificity ([@B19]). These include RecQ, FANCJ and Pif1 family helicases, which are capable of unwinding G4 DNA structures *in vitro* and evidently play a role in suppressing genome instability associated with G4 DNA formation. In the nematode *C. elegans*, large deletions near runs of guanines are dramatically elevated upon disruption of Dog-1, which is a homolog of mammalian FANCJ DNA helicase ([@B20]). In yeast *S. cerevisiae*, disruption of Pif1 leads to frequent stalling of DNA replication and highly elevated gross chromosomal rearrangements (GCRs) proximal to G4 motifs ([@B13],[@B21]). Also in yeast, disruption of RecQ family helicase Sgs1 increases ectopic recombination at a G4-motif when the sequence is actively transcribed ([@B15]). Although a G4-binding property has been recognized for several other non-helicase proteins such as Top1, Nucleolin, and Ku proteins, the biological significance of such specific binding, particularly in respect to the G4-associated genome instability, is yet to be elucidated.

Sub1 ([Su]{.ul}ppressor of TFII[B]{.ul}) is a single stranded DNA binding protein and a highly conserved transcription factor that interacts with RNA polymerase II and III complexes ([@B22]). Sub1 is involved in multiple facets of transcription including initiation and elongation, and notably in regulation of sporulation genes ([@B23],[@B24]). With respect to its role in genome instability, Sub1 cooperates with nucleotide excision repair proteins to enhance tolerance to oxidizing agents and protect from oxidation induced DNA breaks ([@B24],[@B25]). Loss of Sub1 results in elevated mutagenesis caused by cytosine deamination, particularly at the 5΄ end of genes, suggesting that Sub1 normally binds to the promoter regions of genes and protects them when they are single stranded during transcription ([@B26]). Recently, yeast Sub1 was identified as a G4 DNA-binding protein in a proteomic study surveying yeast whole cell extracts for factors binding to a G4 DNA-forming oligonucleotide ([@B27]). Subsequent analysis with purified, recombinant proteins showed that yeast Sub1 has significantly higher binding affinity to G4 DNA than a single stranded DNA substrate. The human homolog of Sub1, variously referred to as hSub1, p15 or PC4, is highly expressed in several different types of cancers and binds to the promoters of proto-oncogenes PLK1 and c-Myc to regulate their expression suggesting a role in cancer development ([@B28]--[@B30]). A recent study showed that PC4 co-localizes with single-strand DNA binding protein RPA at sites of replication fork stalling and aids in ensuring genome stability ([@B31]). Like yeast Sub1, purified, recombinant PC4 preferentially binds to G4 DNA structures *in vitro* ([@B27]), although whether this biochemical property extends to a relevant biological function is yet to be investigated.

To investigate whether the *in vitro* G4 DNA binding activities of yeast Sub1 and human PC4 have functional relevance, we explored the possible role of these proteins in maintaining genome stability when G4 DNA is formed *in vivo*. Using a recombination reporter system in *S. cerevisiae*, we show here that the deletion of *SUB1* significantly elevates G4-mediated genome instability in Top1-deficient cells but not R-loop mediated-genome instability in RNase H-deficient cells. The expression of PC4 complements the loss of Sub1. Sub1 protein interacts with the G4 DNA helicase Pif1 and is enriched at the co-transcriptionally formed G4 DNA in yeast cells. Overall, our data indicate that Sub1, together with its interacting partners including Pif1, plays an important role in suppressing genome instability associated with unresolved G4 DNA structure.

MATERIALS AND METHODS {#SEC2}
=====================

Yeast strains and plasmids {#SEC2-1}
--------------------------

Yeast strains used for the mutation and recombination assays were derived from YPH45 (*MATa, ura3-52 ade2-101 trp1Δ1*). Construction of strains containing the *pTET-lys2-GTOP or --GBTM* constructs were previously described ([@B15]). Gene deletions were carried out through one-step allele replacement by amplification of the loxP-flanked marker cassettes ([@B32]). Sub1-expression plasmid was constructed by amplifying and cloning of SUB1 ORF along with 490 nt upstream and 250 nt downstream into the yeast *CEN* vector pRS316 ([@B33]). Full length and truncated PC4 expression plasmids pMV854 and pMV860 have been previously described ([@B24]). The standard pop-in-pop-out allele replacement method was used to introduce pif1-M2 allele using pVS31 that has been described previously ([@B34]). The complete null mutation of *PIF1* (*pif1Δ*) allele was introduced as described above except that, prior to the gene deletion, the cells were first treated with 20 μg/ml Ethidium Bromide and '*petite*' derivatives were selected.

Recombination rates {#SEC2-2}
-------------------

Recombination rates and 95% confidence intervals were determined using the method of the median as described previously ([@B35]). Twelve to 24 individual cultures were used to determine each rate and the associated 95% confidence intervals. Recombination rates are considered to be statistically different when the 95% confidence intervals, which are indicated in each graphs as error bars, do not overlap ([@B36]).

Western blotting to confirm Sub1 truncation {#SEC2-3}
-------------------------------------------

Whole cell extracts (WCE) were prepared from 10^8^ cells using NaOH lysis method from strains containing full length or truncated FLAG-tagged alleles of Sub1. WCE were run on a 12% polyacrylamide gel (BioRad), and transferred using a Semi-Dry Trans-Blot Cell (BioRad). After blocking, the membrane was incubated with anti-FLAG M2 antibody (Sigma F1804) followed by anti-Mouse-HRP antibody (Santa Cruz SC2031). As a loading control, Nsr1 protein was detected using anti-Nsr1 antibody (Clone 31C4; ThermoScientific). The blot was developed using West-Q Pico Dura ECL Solution (GenDepot) and the ChemiDoc MP Imaging system (BioRad).

Circular dichroism analysis {#SEC2-4}
---------------------------

Circular dichroism analysis was performed on a Jasco J-715 spectropolarimeter. DNA substrates were heated to 95°C for 10 min. and slow cooled to room temperature before analysis. Spectra were recorded at 25°C with 10 μM DNA in 10 mM Tris--Cl, pH 7.5 with 100 mM KCl or NaCl unless indicated otherwise.

Hf2-binding assay {#SEC2-5}
-----------------

Hf2 antibody expression and purification was carried out as previously described with following modifications ([@B37]). Hf2 was purified from cell pellets resuspended in lysis buffer (25mM Tris-HCl, 100 mM NaCl, 10% glycerol, 1% NP-40 and 10 mM immidazole) and sonicated using HisPur Ni-NTA resin (Thermo Scientific) following the manufacturer-suggested protocol. Eluted protein was concentrated using Amicon Ultra-4 Centrifugal Filter and stored at --20°C in 50% glycerol. For binding assay, 5΄ Cy5 labeled oligoes (Sigma) were resuspended in either 100 mM KCl/10 mM Tris--Cl or 100 mM LiCl/10 mM Tris--Cl, denatured at 95°C for 5 min and finally slowly cooled overnight to allow G-quadruplex formation. Annealed oligoes (0.2 μM) were mixed with 2 μM Hf2 in 100 mM KCl or LiCl, 20 mM HEPES pH 7.5, 0.01% NP40, 5% glycerol, 5 mM MgCl~2~ and incubated on ice for 15 min before running on 10% non-denaturing TBE-polyacrylamide gel. Gel images were captured using BioRad Chemidoc imager.

Fluorescence equilibrium binding assay {#SEC2-6}
--------------------------------------

Equilibrium binding analysis was performed with a PerkinElmer Life Sciences Victor^3^V 1420 multilabel counter with filters set at 485 and 535 nm. Fluorescence polarization measurements were recorded at 25°C in assay buffer (10 mM Tris--Cl pH 7.5, 1 mM EDTA, 100 mM KCl and 0.1 mg/ml BSA). 6-carboxyfluorescein (FAM)-labeled DNA substrates (5 nM final concentration) were titrated with increasing concentrations of recombinant Sub1 or PC4 to measure binding. The FAM-labeled substrate without protein was used to normalize the change in fluorescence polarization observed in the protein titrated samples. Fluorescence data were plotted as change in anisotropy against protein concentration with Kaleidagraph software (Synergy Software, Reading PA) and fit to the quadratic equation to obtain dissociation constants (*K*~D~). Recombinant Sub1 and PC4 were expressed and purified as described previously ([@B27],[@B38]).

Chromatin immunoprecipitation {#SEC2-7}
-----------------------------

ChIP was performed following a previously described protocol ([@B39]). Briefly, chromatin fraction was isolated from yeast cells that were cross-linked with 1% formaldehyde and quenched with 136 mM glycine. Following the sonication step to shear the DNA to ∼750 bp (QSONICA sonicator with a microtip), samples were incubated with anti-FLAG antibody (clone M2 - Sigma) conjugated to Protein G Dynabeads (Life Technologies) overnight at 4°C. After washing, cross-link was reversed by incubation with proteinase K at 42°C for four hours and at 65°C for 12 h. DNA was isolated using MiniElute PCR Purification Kit (Qiagen). qPCR was performed using SensiFAST SYBR no-ROX Mastermix (Bioline) and CFX Connect instrument (Biorad). For each PCR reaction, 10 ng of input or ChIP DNA was used as template. The final concentration of the primer was 0.4 μM each. Cycling conditions were 95°C for 3 min followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 10 s. Ct values were determined using the CFX Manager software. Ct values for each ChIP samples were first normalized to the ChIP experiment carried out with yeast cells expressing untagged-Sub1 proteins and then divided by the values for the *CAN1* locus to calculate the relative fold enrichment. Primers used in the qPCR analysis are listed in the [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

TMPyP4 sensitivity {#SEC2-8}
------------------

For each indicated strain, TMPyP4 (EMD Millipore) to 200 μM final concentration was added to six individual cultures that were grown to early log phase (O.D.~600~ of 0.4--0.5) in YEPD at 30°C. After 20 h incubation with TMPyP4 or DMSO at 30°C, cells were collected by centrifugation and washed twice with water. 10-fold serial dilutions of washed cells were spotted onto YEPD-agar plates and incubated at 30°C and pictures were taken 2 days after spotting.

Co-immunoprecipitation {#SEC2-9}
----------------------

Immunoprecipitation was performed as described ([@B40]) with some modifications. Approximately 100 OD~600~ units of mid-log-phase cells grown in YEPD were harvested, washed with water and resuspended with 350 μl of lysis buffer (50 mM HEPES--NaOH, pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 0.05% NP-40, 1 mM DTT, 1 mM PMSF, 1× protease inhibitor cocktail (Roche)) and 300 μl of 0.5-mm glass beads. Following mechanical lysis of the cells with Biospec Mini-Beadbeater for 4 × 60 s periods with 5 min cooling at interval, additional 200 μl of lysis buffer was added to each sample. The cell lysate was centrifuged at 12K RPM for 30 min. For each IP, 400 μl of the supernatant was incubated with 20 μl Anti-FLAG M2 affinity gel (Sigma, Cat\# A2220) for 4 h at 4°C. The beads were washed with the lysis buffer three times for 5 min each and then eluted by boiling in 1× SDS-PAGE loading buffer followed by immunoblotting analysis using anti-HA-HRP (Sigma; Cat\# H6533-1VL) or anti-FLAG-HRP (Sigma; Cat\# A8592).

Interaction of purified Sub1 and Pif1 {#SEC2-10}
-------------------------------------

Yeast Pif1 and Sub1 were overexpressed and purified as described previously ([@B27],[@B41]). Purified recombinant Sub1 or BSA were covalently cross-linked onto epoxy-activated Dynabeads M-270 (Invitrogen) according to the manufacturer\'s instructions. Briefly, saturating amounts of protein were used for coating 5 mg of Dynabeads M-270 at 37°C for 24 h in the presence of 1.5 M ammonium sulfate. Co-precipitation experiments were performed by incubating purified Pif1 (50 μg) with Sub1- or BSA-coated dynabeads in a 200 μl binding buffer (25 mM HEPES pH 7.4, and 100 mM NaCl) with rotation at 4°C overnight. Dynabeads were captured using a magnet and washed five times in 1 ml of buffer containing 0.2% Tween 20. Pif1 protein that co-precipitated with the beads was eluted by addition of 30 μl of Laemmli sample buffer and heating at 95°C for 10 min. The sample was resolved by 10% SDS-PAGE gel and the proteins were visualized by Coomassie staining.

RESULTS {#SEC3}
=======

Sub1 suppresses G4-mediated recombination in Top1-deficient cells {#SEC3-1}
-----------------------------------------------------------------

In the current study, we employed the recombination reporter assay designed to determine how G4-forming sequence leads to elevated genome instability. The details of the reporter assay and the sequence of the G4 motif containing insert are described in previous publications ([@B15],[@B35]). Briefly, in this system, a G-run containing sequence from the mouse immunoglobulin heavy chain switch Mu region (Sμ) was inserted into the yeast genome within the context of the *LYS2* gene transcribed from a tetracycline/doxycycline-repressible promoter (*pTET*). The Sμ sequence was inserted in two different orientations placing the G-run-containing strand either on the top/non-transcribed strand (*GTOP*) or on the bottom/transcribed strand (*GBTM*). The formation of G4 DNA is favored when the G-rich strand located on the non-transcribed or top strand is transformed into single strands during transcription freeing the guanine bases to interact with each other through Hoogsteen base-pairing. When G-runs are located in the transcribed or bottom strand, they will be occupied in base pairing with the nascent RNA strand and will not be free to fold into G4 DNA. Thus, any factors involved in the formation or stability of G4 DNA should affect the recombination occurring at the *pTET-lys2-GTOP* construct, with little to no effect on the rate of recombination at the *pTET-lys2-GBTM* construct. We previously demonstrated such orientation-dependent elevation in recombination when these constructs are transcribed actively indicating that co-transcriptionally formed G4 DNA elevates instability at this locus ([@B16],[@B35],[@B42]).

In order to determine the role of Sub1 in maintaining genome stability at G4 DNA loci, we disrupted Sub1 in strains containing the *pTET-lys2-GTOP* or *--GBTM* construct and determined the recombination rates at this locus. Under low transcription conditions where *pTET* promoter was maximally repressed by addition of 2μg/ml doxycycline, the rate of recombination for *pTET-lys2-GTOP* was about 2.5-fold higher in *sub1Δ* than in *WT* backgrounds ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Sub1-disruption, however, did not further elevate the rate of recombination in *WT* background under high transcription conditions (Figure [1A](#F1){ref-type="fig"}). For the *pTET-lys2-GBTM* construct, Sub1-disruption did not affect the rates of recombination under high or low transcription conditions (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

![*SUB1* deletion elevates G4-associated recombination in *top1Δ* backgrounds. The recombination assay and the sequence of the Sμ fragment used to construct G4 used to construct *pTET-lys2-GTOP* or *--GBTM* cassettes are described in detail in previous publications ([@B15],[@B35]). '*GTOP*' and '*GBTM*' refers to the orientation of the Sμ sequence within the *LYS2* gene relative to the direction of transcription. When in '*GTOP*' orientation, the guanine runs are present on the non-transcribed, top strand; When in '*GBTM*' orientation, the guanine runs are present on the transcribed, bottom strand. All graphs are showing the rates of recombination (×10^−8^). Error bars indicate 95% confidence intervals. (**A**) Recombination rates in *WT* backgrounds. (**B**) Recombination rates in *top1Δ* backgrounds. (**C**) Recombination rates in *top1 Y727F* backgrounds. (**D**) Recombination rates in *rnh1Δ rnh201Δ* backgrounds. (**E**) Recombination rates in *rnh1Δ rnh201Δ* (*rnhΔ\**) or *top1Δ sub1Δ* backgrounds with expression of the indicated plasmids.](gkx201fig1){#F1}

In *top1Δ* backgrounds, accumulation of negative supercoils during highly active transcription promotes the formation of G4 DNA structure and significantly elevates G4-associated genome instability ([@B16],[@B35]). We deleted *SUB1* in *top1Δ* background to determine whether Sub1 plays a role in resolving G4 DNA that accumulates at actively transcribed regions in the absence of Top1. Under low transcription conditions, there was a small---1.5- or 2.5-fold---increase in the rates of recombination for the *pTET-lys2-GBTM* or *--GTOP* constructs, respectively ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). When highly transcribed, the rate of recombination for the *pTET-lys2-GTOP* was elevated by ∼7-fold in *top1Δ sub1Δ* strain compared to *top1Δ* (Figure [1B](#F1){ref-type="fig"}). For the *pTET-lys2-GBTM*, the rates of recombination were indistinguishable between *top1Δ* and *top1Δ sub1Δ* backgrounds. Mutation of the catalytic tyrosine of Top1 (Top1 Y727F) results in a non-functional protein in respect to removal of supercoils and in dominant negative effect in respect to G4-associated genome instability with recombination rate even higher than *top1Δ* ([@B16]). This is likely due to this mutant protein still retaining the high affinity G4 binding activity described for the wildtype enzyme ([@B17],[@B18]). Loss of Sub1 in the Top1 Y727F-expressing strain resulted in a significant elevation in the rate of recombination at the *pTET-lys2-GTOP* but not at the *--GBTM* constructs (Figure [1C](#F1){ref-type="fig"}).

We previously reported that defects in RNase H function elevated recombination for both *pTET-lys2-GTOP* and --*GBTM* constructs ([@B15]). Accumulation of RNA:DNA hybrids, which ensues when RNase H encoding genes, *RNH1* and *RNH201*, are deleted in *S. cerevisiae* (*rnh1Δ rnh201Δ*), is the likely cause of such elevated genome instability since instability is exacerbated by transcription ([@B15]) and suppressed by overexpression of *RNH1* ([@B16]). Upon deletion of *SUB1*, we did not observe any significant elevation in recombination rate in *rnh1Δ rnh201Δ* backgrounds for the *pTET-lys2-GTOP* or *--GBTM* construct (Figure [1D](#F1){ref-type="fig"}). Overexpression of *RNH1*, which reduced the rates of recombination both the *pTET-lys2-GTOP* and *--GBTM* constructs by ∼3-fold in *rnh1Δ rnh201Δ* backgrounds, did not affect the rates of recombination in *top1Δ sub1Δ* backgrounds (Figure [1E](#F1){ref-type="fig"}). Overall, these data indicate that the role of Sub1 in genome instability is specific to G4 DNA formed due to transcription-induced negative helical torsion and not broadly related to the transcription process or RNA:DNA hybrid accumulation.

Human transcription co-activator PC4 can complement the loss of Sub1 and suppress G4-associated recombination {#SEC3-2}
-------------------------------------------------------------------------------------------------------------

PC4, a human homolog of Sub1, which shares 34% identity and 45% homology with Sub1, was previously reported to functionally complement Sub1 in the tolerance of oxidative stress (Figure [2A](#F2){ref-type="fig"}) ([@B24],[@B25]). To determine whether PC4 can sufficiently complement Sub1 for its function in suppressing G4-associated instability, we expressed full-length Sub1 or PC4 from plasmids in *top1Δ sub1Δ* strains. The ectopic expression of Sub1 or PC4 reduced the rate of recombination for the *pTET-lys2-GTOP* construct by 9.6- and 10.3-fold, respectively, thereby resulting in the rates of recombination that are significantly lower than in *top1Δ* single deletion strains (Figure [2B](#F2){ref-type="fig"}). In *top1-Y727F sub1Δ* strains, ectopic expression of Sub1 or PC4 resulted in \>10-fold decrease in the rate of recombination for the *pTET-lys2-GTOP* construct (Figure [2C](#F2){ref-type="fig"}). The rate of recombination for the *pTET-lys2-GBTM* construct remained unaffected by the expression of Sub1 or PC4 from plasmids in *top1Δ sub1Δ* or *top1-Y727F sub1Δ* strains. There is a ≥10-fold difference between the rates at the *pTET-lys2-GTOP* and *--GBTM* in *top1Δ sub1Δ* or *top1-Y727F sub1Δ* backgrounds. Upon expression of PC4 or Sub1, this difference between the rates at the *pTET-lys2-GTOP* and *--GBTM* was reduced to \<2-fold, which is similar to those in WT background. This result suggests that the level of endogenous Sub1 in *top1Δ* or *top1-Y727F* cells could be a rate-limiting factor in preventing G4 DNA-mediated recombination. This was supported by the data in Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"} showing that when Sub1 or PC4 were expressed in *top1Δ* or *top1-Y727F* strains where the expression of WT Sub1 is unperturbed, the rate of recombination was further decreased for the *pTET-lys2-GTOP* construct but remained unchanged for the *pTET-lys2-GBTM*.

![Complementation of *SUB1* deletion in *top1Δ* and *top1Y727F* backgrounds. (**A**) Protein sequence alignment between human PC4 (hPC4) and *S. cerevisiae* Sub1 (ySub1). Identical and conservative residues are indicated by bullets (•) and plus signs (+), respectively. Only the first 116 a.a. of Sub1 (292 a.a.) are shown. (**B--E**) All graphs are showing the rates of recombination (×10^−8^). Error bars indicate 95% confidence intervals. Prior to fluctuation analysis to determine the rates of recombination, indicated yeast strains were transformed with empty vector (*+Vec*), Sub1-expression plasmid (*+SUB1*), or PC4-expression vector (*+PC4*).](gkx201fig2){#F2}

DNA binding domain of Sub1 and PC4 are required for suppression of G4-mediated recombination {#SEC3-3}
--------------------------------------------------------------------------------------------

In order to identify which regions of Sub1 are required to prevent G4-associated recombination, we constructed a series of C-terminal truncation mutants of Sub1. As shown in Figure [1B](#F1){ref-type="fig"}, the complete deletion of *SUB1* resulted in an increase in G4-associated recombination in the *top1Δ* strains containing the *pTET-lys2-GTOP* construct. The rate of recombination for the *pTET-lys2-GTOP* was not affected by replacing the full length *SUB1* allele with *sub1~1--200~* or *sub1~1--150~* truncation alleles that is missing the C-terminal 92 or 142 amino acids, respectively (Figure [3A](#F3){ref-type="fig"}). This indicates that the coiled-coil domains in the C-terminal end of Sub1 are not required in preventing G4-mediated genome instability. The rate of recombination at the *pTET-lys2-GTOP* construct, however, was elevated to the level indistinguishable from the complete deletion mutation (*sub1*) when the C-terminal 172 or 212 amino acids were truncated (Sub1~1-120~ or Sub1~1-80~, respectively). Although the homology between human PC4 and yeast Sub1 is limited to amino acids a.a. 1--105 of Sub1 (Figure [2A](#F2){ref-type="fig"}), a conserved domain (PTHR13215) is present in yeast Sub 1 a.a. 35--146 when aligned to members of RNA polymerase II transcriptional co-activator subfamily 2 (Figure [3B](#F3){ref-type="fig"}) ([@B43]). Alternatively, the insufficient functional complementation of Sub1~1--120~ or Sub1~1--80~ could be due to the reduced Sub1 protein levels. Western analysis of the yeast strains expressing the C-terminal truncation alleles used for the determination of recombination rates in Figure [3A](#F3){ref-type="fig"} showed that the steady-state protein level of Sub1~1--120~ or Sub1~1--80~ were significantly less than that of the full length Sub1, Sub1~1--200~ or Sub1~1--150~ (Figure [3C](#F3){ref-type="fig"}). This indicates that the region between a.a. 120 and 150, which is highly enriched for charged residues, might be important for protein folding and stability.

![ssDNA binding domain of Sub1 and PC4 required for suppression of G4-associated recombination. (**A**) The graph is showing the rates of recombination (×10^−8^). Error bars indicate 95% confidence intervals. Relevant genotypes are indicated below. (**B**) Domains of yeast Sub1. Regions with homology to human PC4 and the conserved PTHR13215 domain are indicated. (**C**) Whole cell extracts from yeast strains expressing the indicated Sub1-truncation constructs with C-terminal 3XFLAG tags were analyzed by western blotting. Nsr1 bands as loading control are shown in the top panel and Sub1 constructs detected by anti-FLAG antibody ware shown in the bottom panel. Bars to the left indicate positions of the molecular weight markers (kDa). (**D**) The graph is showing the rates of recombination (×10^−8^). Error bars indicate 95% confidence intervals. Relevant genotypes are indicated below.](gkx201fig3){#F3}

To determine whether the ssDNA binding region alone was sufficient for resolving G4 DNA, we transformed *top1Δ sub1Δ* and *top1-Y727F sub1Δ* strains with a plasmid expressing PC4 truncation mutant (PC4~40--127~). This mutant protein, which contains only the ssDNA binding domain of PC4 ([@B24]), sufficiently complemented the loss of Sub1 and significantly reduced the recombination rates at the *pTET-lys2-GTOP* in both strain backgrounds (Figure [3D](#F3){ref-type="fig"}). Consistent with its G4-specific role, the recombination rates at the *pTET-lys2-GBTM* construct were not significantly affected by the expression of PC4~40--127~. Compared to the full length PC4, however, the PC4~40--127~ truncation mutant resulted in more modest suppression of recombination; the rate of recombination at the *pTET-lys2-GTOP* was still significantly higher than at the *pTET-lys2-GBTM* (Figures [2C](#F2){ref-type="fig"} and [3D](#F3){ref-type="fig"}). The PC4~40--127~ truncation mutant also did not further reduce the recombination rate in *top1Δ* single deletion strain ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Sub1 binds the G4-forming switch region sequence *in vitro* and *in vivo* {#SEC3-4}
-------------------------------------------------------------------------

Sub1 was previously shown to preferentially bind to a 21-mer G4-forming oligonucleotide derived from the c-MYC promoter (5΄-GAGGGTGGGTAGGGTGGGTAA-3΄) ([@B27],[@B44]). In order to determine whether Sub1 also binds to G4 DNA formed by the Ig switch Mu sequence integrated into the recombination reporter constructs used in the genetic assays above (*pTET-lys2-GTOP* and *--GBTM*), we first performed circular dichroism (CD) analysis with a 45-mer oligonucleotide partially representing this sequence (SμG; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The CD spectrum with a shallow minimum at ∼240 nm and a large maximum near 265 nm, which is characteristic of a parallel G-quadruplex structure ([@B45]), was observed for the SμG oligo in 100 mM KCl but not in the absence of salt or in the presence of 100 mM NaCl (Figure [4A](#F4){ref-type="fig"}). G4 DNA formation by the SμG sequence was further confirmed by its binding to the G4-specific recombinant antibody Hf2 ([@B37]), demonstrated by the change in mobility when SμG oligo was incubated with the antibody in presence of G4-stabilizing K+ cation (Figure [4B](#F4){ref-type="fig"}). The C-run containing complimentary sequence (SμC) did not bind Hf2 antibody in presence of K+ or Li+.

![G4-formation by Sμ oligo and Sub1-Sμ binding *in vitro*. (**A**) CD spectra of Sμ oligo solution with no salt, 100 mM KCl or 100 mM NaCl. The maximum and minimum ellipticity at 265 nm and 240 nm for the +KCl sample are indicated with arrow heads. See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for sequence of the oligo. (**B**) Elecrophoretic mobility shift assay. Cy5-conjugated SμC or SμG oligos incubated with Hf2 antibody (Hf2) or buffer alone (--) containing either 100 mM LiCl or 100 mM KCl. \*; free oligo, \*\*; secondary structure, \*\*\*; Hf2-bound oligo. (**C**) Fluorescence anisotropy of 5 nM ssDNA (•), Sμ G (\<), or duplex (♦) with indicated concentrations of Sub1 was measured. Data represent the mean of three separate experiments. Data were fit to the quadratic equation to obtain the *K*~D~ values for SμG (8.7 ± 1.7 nM) and ssDNA (21.1 ± 1.71 nM). of See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for sequences of the oligos.](gkx201fig4){#F4}

To demonstrate the direct recognition of SμG DNA by Sub1, fluorescence equilibrium binding analysis (fluorescence anisotropy assay) was performed at a final concentration of 5 nM for each DNA substrate. Fluorescence anisotropy measured with increasing concentrations of Sub1 showed that Sub1 bound SμG with a *K*~D~ = 8.7 ± 1.7 nM which is ∼2.4-fold tighter than that observed for ssDNA (21.2 ± 1.1 nM) (Figure [4C](#F4){ref-type="fig"}). No appreciable binding of Sub1 was observed for duplex DNA. PC4 bound Sμ G with a *K*~D~ = 6.0 ± 0.9 nM, which is similar to the *K*~D~ observed for ssDNA (9.0 ± 0.9 nM) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). PC4 bound a duplex substrate with a *K*~D~ = 38.7 ± 8.0 nM which is ∼6 and ∼4-fold higher than Sμ G and ssDNA, respectively.

Having shown that Sub1 binds to the G4 forming Sμ *in vitro*, we examined whether there was Sub1-G4 DNA interaction *in vivo*. First, we constructed a *SUB1* allele with a 3XFLAG tag at the C-terminus and confirmed that the C-terminal tag does not interfere with its function in suppressing G4-associated recombination ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Chromatin immuno-precipitation (ChIP) was performed with antibody against the FLAG epitope starting with either *WT* or *top1Δ* yeast cells containing either the *pTET-lys2-GTOP* or *--GBTM* construct. Following the pull-down, qPCR analysis was used to determine the enrichment of Sub1-FLAG at each locus normalizing to the enrichment at the *CAN1*, which does not contain any G4 motifs (QGRS Mapper; ([@B46])). When cells were cultured with 2μg/ml doxycycline to repress the transcription from the *pTET* promoter, no significant enrichment of Sub1-Flag was detected at any of the loci tested (Figure [5A](#F5){ref-type="fig"}). Under high transcription conditions, in *top1Δ* background, Sub1-FLAG was significantly enriched (\>3-fold) at the G4 insertion site (5΄BGL) when the G4 sequence was in *GTOP* orientation but not in *GBTM* orientation (Figure [5B](#F5){ref-type="fig"}). In *top1Δ* cells under high transcription conditions, the enrichment of Sub1 was significantly higher at the switch region G4 sequence insertion site (5΄BGL) than the 3΄ region of the *lys2* sequence 3 kb away (STP). A slight but significant enrichment of Sub1 was detected at the G4 insertion site in *WT* background for *GTOP* but not for *GBTM* orientation under high transcription conditions. Overall, these data indicate that Sub1 is not simply being recruited to highly transcribed regions but specifically associates with the region of G4 DNA accumulated under high transcription conditions particularly in the absence of Top1. Additionally, at the *YDR544C* locus (YDR in Figure [5](#F5){ref-type="fig"}), where a 2-fold enrichment of Sub1 was reported previously ([@B27]), the enrichment of Sub1-FLAG was not significantly higher than the negative control locus, *CAN1*, in both WT and *top1Δ* backgrounds indicating that the co-transcriptionally formed G4 DNA at the *pTET-lys2-GTOP* cassette is a high-affinity interaction site for Sub1.

![ChIP shows Sub1-association with G4 DNA *in vivo*. Chromatin immunoprecipitation was carried out with anti-FLAG antibody and chromatin fractions prepared from yeast cells with indicated genetic backgrounds. In all strains, 3XFLAG epitope tagged *SUB1* allele was present. 5΄BGL and STP primers anneal within *LYS2* ORF, ∼100 and ∼3000 bp from the Sμ sequence insertion site, respectively. YDR primers anneal to YDR554C region of the yeast genome. All primer sequences are in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. All values are based on four independent experiments and the standard deviations are indicated by error bars. (**A**) Transcription from *pTET* was repressed by culturing cells in rich media with 2μg/ml doxycycline. (**B**) Cells were cultured in rich media with no doxycycline to ensure *pTET* is fully turned on. *P* values were calculated by Student\'s *t*-test.](gkx201fig5){#F5}

Sub1-disruption results in elevated sensitivity to the G4-binding ligand TMPyP4 {#SEC3-5}
-------------------------------------------------------------------------------

Cationic porphyrin TMPyP4 binds G-quadruplex DNA *in vivo* and stabilizes the secondary structure disrupting cell proliferation in mammalian and yeast cells ([@B47]--[@B49]). According to the elevated recombination rate observed at the *pTET-lys2-GTOP* reporter upon the loss of Sub1 in a *top1Δ* background as well as the *in vitro* and *in vivo* binding assays, Sub1 binds to G4 DNA and consequently suppresses the instability induced by these secondary DNA structures. We tested whether Sub1 can also suppress the cytotoxicity associated with the interaction between TMPyP4 and G4 DNA. Yeast cells were treated with 200 μM TMPyP4 for 20 h. After washing, cells were spotted on rich media with no drug and monitored for recovery from the effect of TMPyP4. After 2 days on rich media, *top1Δ* cells showed greater sensitivity to TMPyP4 than *WT* cells (Figure [6](#F6){ref-type="fig"}). In both WT and top1Δ backgrounds, deletion of SUB1 led to enhanced TMPyP4 sensitivity indicating that Sub1 does play a protective function to alleviate the toxic effect of TMPyP4.

![TMPyP4 treatment. For each indicated strains, 6 individual colonies were grown to early log phase and treated with 200 μM TMPyP4 or DMSO for 20 h. Dilutions (10-fold) were spotted on YEP media with 2% glucose and images were taken 2 days after spotting.](gkx201fig6){#F6}

Sub1 physically and genetically interact with the helicase Pif1 {#SEC3-6}
---------------------------------------------------------------

How G4 DNA-binding by Sub1 can suppress G4-associated genome instability is not yet clear. One class of proteins that can undoubtedly promote genome stability at G4-forming sequences are G4 specific helicases such as RecQ and Pif1 family helicases ([@B19]). Since Sub1 does not contain any recognizable helicase domain, it could be acting in a mode analogous to *S. Pombe* Pot1, which can disrupt G4 structures at telomeres by binding to these sequences ([@B50]). Alternatively, Sub1 could function by recruiting other proteins such as G4-resolving helicase to G4 DNA. To test this hypothesis, we immuno-precipitated Sub1 (with a 3X FLAG tag) from yeast whole cell extracts using beads coated with anti-FLAG antibody. In the co-IP fractions, we detected the G4 DNA helicase Pif1 (tagged with HA), suggesting that Sub1 does form a complex with one such G4 helicase Pif1 (Figure [7A](#F7){ref-type="fig"}). Pif1-HA co-immunoprecipitated with Sub1-FLAG in both WT and *top1Δ* backgrounds. In a reciprocal co-IP experiment, IP of Pif1-HA with anti-HA coated beads resulted in the co-immunoprecipitation of Sub1-Flag. We confirmed the physical interaction between Sub1 and Pif1 by showing that purified Pif1 protein is much more efficiently captured by the beads conjugated with overexpressed, purified Sub1 protein than by the beads conjugated with BSA (Figure [7B](#F7){ref-type="fig"}).

![Sub1-Pif1 interaction. (**A**) Co-immunoprecipitation experiment. Cell lysates from yeast strains containing the indicated HA or FLAG epitope tagged protein constructs were used in immunoprecipitation with anti-FLAG or anti-HA antibody as indicated. Pif1-HA or Sub1-FLAG proteins were detected by immunoblotting with the indicated antibodies. \* indicates cell lysate and co-IP sample from *top1Δ* yeast cells. All other strains were in *WT* background. Molecular weight markers (in kDa) are shown on the sides of the blots. (**B**) Interaction between purified Sub1 and Pif1. The schematic representation of the capture and elution of Pif1 by Sub1- or BSA-coated dynabeads is described in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. The input, unbound and bound/eluted fractions from the Sub1-coated (lanes 1--3), BSA-coated (lanes 4 -6) and uncoated (lanes 7 -9) dynabeads were resolved in 10% SDS-PAGE gel. After coomassie staining, Pif1 appears as a band around 100 kDa. (**C** and **D**) All graphs are showing the rates of recombination (×10^−8^). Error bars indicate 95% confidence intervals.](gkx201fig7){#F7}

To test whether Sub1 and Pif1 work in the same pathway to suppress G4-associated genome instability, we introduced the *pif1-M2* mutation, into *WT, top1Δ* and *top1Δ sub1Δ* strains. This mutation is located in the nuclear localization signal of Pif1 protein and specifically disrupts its nuclear function while leaving its mitochondrial function intact ([@B34]). The rates of recombination for the *pTET-lys2-GTOP* or *--GBTM* reporter was not elevated by *pif1-M2* mutation ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Because Pif1-M2 is not completely null for its nuclear function and showed significant residual activity in previous studies ([@B51]), we proceeded to introduce a complete null mutation of Pif1 (*pif1Δ*) into *WT, top1Δ, sub1Δ* and *top1Δ sub1Δ* strains. Deletion of *PIF1* did not have any effect on the rates of recombination for either of the recombination reporter construct in strains containing WT Top1 (Figure [7C](#F7){ref-type="fig"}). In the *top1Δ* strains, however, the rate of recombination for the *pTET-lys2-GTOP* was elevated by ∼3 fold upon deletion of PIF1 gene while the rate for the *pTET-lys2-GBTM* was not affected (Figure [7D](#F7){ref-type="fig"}). When *SUB1* and *PIF1* were both disrupted *(top1Δ sub1Δ pif1Δ*), the rate of recombination for the *pTET-lys2-GTOP* in triple mutant strain was statistically indistinguishable (i.e. 95% confidence level overlaps) from the rate in *top1Δ sub1Δ* or in *top1Δ pif1Δ* strains indicating an epistatic relationship between these two factors.

DISCUSSION {#SEC4}
==========

Recently emerging information regarding the genetic changes in cancer genomes have identified discrete hotspots where genome arrangements, CNVs, and mutations occur more frequently than stochastic distribution ([@B7]). Often, repetitive and/or unusual sequences that can form non-canonical DNA structures such as hairpins, H-DNA, cruciform and G4 DNA overlap with these cancer-associated genome instability hotspots. Additionally, non-B DNA forming sequences are frequently linked with genome instability underlying degenerative neurological disorders such as Huntington\'s disease and Fredriech\'s ataxia. In particular, G4 DNA forming sequences that consist of multiple runs of guanines have been identified at several major break points associated with recurrent translocations found in various types of hematological malignancies ([@B6]). G4 DNA is also implicated in the expansion of (GGGGCC)n present at C9orf72 gene responsible for the neurological disorder amyotrophic lateral sclerosis (ALS) ([@B52]). Non-B forming sequences located within highly transcribed regions are especially problematic because the dynamic structural transformation required for transcription to efficiently proceed can also promote the secondary structure formation of these sequence motifs. Identifying what underlying factors function to minimize the effect of the co-transcriptionally formed non-B structure on the genome integrity is important.

In this report, we focused on genome instability induced by G4 DNA that is co-transcriptionally formed from an archetypal G4 motif previously identified at the mammalian immunoglobulin heavy chain switch Mu region (Sμ). We previously described that the transient separation of the DNA strands during transcription can promote the structural shift of guanine-rich DNA strand within Sμ sequence into G4 DNA resulting in elevated genome instability. Such G4-associated genome instability is compounded by failure to remove negative supercoils (i.e. Top1-deficiency). Because the transcription-associated separation of DNA strand would render only the non-transcribed or 'top' strand as single strand while the transcribed or 'bottom' strand remains base-paired with the nascent RNA, genome instability associated with the co-transcriptionally formed G4 DNA displayed a clear orientation-bias. The consequence of Top1-disruption was a specific elevation in recombination when the guanine runs were located on the non-transcribed strand (*pTET-lys2-GTOP*) and not on the transcribed strand (*pTET-lys2-GBTM*). We show here that loss of Sub1 elevates genome instability under the conditions that would be expected of co-transcriptionally formed G4 DNA. That is, the loss of Sub1 elevated recombination in *top1Δ* background when *pTET-lys2-GTOP* was actively transcribed (Figure [1](#F1){ref-type="fig"}).

The suppression of G4-associated genome instability by Sub1 is highly correlated with its physical association with G4 DNA. Sub1 is enriched at the G4 construct under the same conditions that promote G4 DNA formation -- guanines on the top strand of an actively transcribed gene (*pTET-lys2-GTOP*) in Top1-deficient strain (Figure [5](#F5){ref-type="fig"}). We previously showed that transcription is elevated to the similar levels in *pTET-lys2-GTOP* and *pTET-lys2-GBTM* in this genetic background ([@B35]). However, Sub1 was not significantly enriched at the *pTET-lys2-GBTM* indicating that Sub1-association shown by the ChIP analysis here is not solely due to activated transcription. Sub1-enrichment is significantly reduced ∼3.5 kb away from the guanine-runs even though it is within the same transcribed unit, which further stresses the specificity of Sub1 for interaction with G4 DNA. Moreover, recombinant PC4 that contains only the DNA binding domain, but not the C-terminal truncation of Sub1 that eliminates DNA binding domain, complemented the loss of Sub1 to reduce the recombination at the actively transcribed *pTET-lys2-GTOP* (Figure [3](#F3){ref-type="fig"}).

Sub1 has been known to be a general transcription factor and implicated in regulation of transcription elongation and termination. Disturbance in transcription elongation process can promote annealing of the nascent RNA to template DNA strand leading to R-loop accumulation ([@B53]). Recombination elevation due to R-loop accumulation are observed in yeast cells with the disruption of mRNA packaging/export process as in mutations in THO/TREX complex subunits and with inhibition of RNA:DNA hybrid removal as in deletion of RNAse H-encoding genes. In mammalian cells, disruption of splicing factor ASF1/SF2 ([@B54]) or RNA:DNA helicase Aquarius or Senataxin ([@B55]) also lead to R-loop accumulation and genome instability. In all of these cases, overexpression of RNAse H complemented the defect and reduced the R-loop-associated recombination. In contrast, our data show that R-loop accumulation is not the pathological structure inducing genome instability in Sub1-deficient yeast cells. Disruption of Sub1 did not affect the recombination rate for the highly *pTET-lys2-GBTM* construct where the location of guanine runs in the transcribed strand disfavors G4 DNA formation (Figure [1](#F1){ref-type="fig"}). The rates of recombination for both the *pTET-lys2---GTOP* and *GBTM* constructs were unaffected by the disruption of Sub1 in the *RNase HΔ* backgrounds. In addition, RNase H overexpression did not reduce the highly elevated recombination for the *pTET-lys2-GTOP* construct in *top1Δ sub1Δ* strains. The suppression of G4-associated genome instability is thereby specific to G4 DNA and related to its G4 DNA binding property.

Another evidence that Sub1 does have a G4-specific function besides its role as a general transcription factor is its physical interaction with Pif1 (Figure [7](#F7){ref-type="fig"}). Pif1 is a DNA helicase involved in multiple important cellular pathways including lagging strand DNA replication, Break-induced Replication pathway of DSB repair, mitochondrial genome maintenance and telomere length homeostasis ([@B56]). Its role in unwinding G4 DNA and thereby suppressing G4-associated genome instability has been demonstrated several times in yeast model systems ([@B11],[@B14],[@B21]) and confirmed in our reporter assay (Figure [7B](#F7){ref-type="fig"}). Based on our data demonstrating the physical interaction and the genetic epistasis between Sub1 and Pif1, we propose that Sub1 suppresses G4-associated genome instability by facilitating the recruitment of Pif1 helicase to co-transcriptionally formed G4 DNA structures.

In summary, we found a novel function of the highly conserved and ubiquitously present protein Sub1. This protein, previously characterized as a general transcription co-activator, specifically localizes to co-transcriptionally formed G4 DNA *in vivo* and contributes in suppressing genome instability induced by these obstructive structures. Further investigation into Sub1-interacting partners in this function will likely yield useful insight into the cellular mechanism keeping these unusual sequences in check. Finally, we identified Sub1 as a substantial factor modulating TMPyP4 sensitivity in yeast cells, which underscores the significance of this protein and its mammalian homologs, especially since a variety of G4 binding ligands are under investigation for their possible efficacy in anti-neoplastic therapy ([@B50]).
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